Incorporating hysteresis into models is important to accurately capture the two phase flow behavior when porous media systems undergo cycles of drainage and imbibition such as in the cases of injection and post-injection redistribution of CO2 during geological CO2 storage (GCS). In the traditional model of two-phase flow, existing constitutive models that parameterize the hysteresis associated with these processes are generally based on the empirical relationships. This manuscript presents development and testing of mathematical hysteretic capillary pressure -saturation-relative permeability models with the objective of more accurately representing the redistribution of the fluids after injection. The constitutive models are developed by relating macroscopic variables to basic physics of two-phase capillary displacements at pore-scale and void space distribution properties. The modeling approach with the developed constitutive models with and without hysteresis as input is tested against some intermediate-scale flow cell experiments to test the ability of the models to represent movement and capillary trapping of immiscible fluids under macroscopically homogeneous and heterogeneous conditions. The hysteretic two-phase flow model predicted the overall plume migration and distribution during and post injection reasonably well and represented the postinjection behavior of the plume more accurately than the nonhysteretic models. Based on the results in this study, neglecting hysteresis in the constitutive models of the traditional two-phase flow theory can seriously overpredict or underpredict the injected fluid distribution during post-injection under both homogeneous and heterogeneous conditions, depending on the selected value of the residual saturation in the nonhysteretic models.
Introduction
Drainage and imbibition processes during two-phase flow in porous media are important for various subsurface applications such as geological CO2 storage (GCS), hydrocarbon production, and groundwater remediation. The drainage process during two-phase flow in porous media is described as the displacement of a wetting fluid by the invasion of a nonwetting fluid. The imbibition process is the opposite during which the wetting fluid displaces the nonwetting fluid. In the context of GCS, once the injection stops, while the mobile-phase CO2 continues to migrate and displaces the host fluid at the leading edge of the plume (i.e., drainage), the host fluid displaces the CO2 in the other parts of the plume (i.e., imbibition). The drainage and imbibition cycles continue to operate until the CO2 becomes completely immobile [Cihan et al., 2014a; Krevor et al., 2015] . Understanding and predicting postinjection behavior and magnitude of capillary trapping that contributes to distribution of CO2 is particularly important for developing monitoring and assessment plans in order to minimize risks of CO2 leakage (e.g., through fractures and/or abandoned wells) and take timely corrective actions if needed [Birkholzer et al., 2014] . Therefore, computational models simulating two-phase flow in subsurface systems must have the capability to appropriately represent successive drainage and imbibition processes and thereby to make reliable prediction of fluid distributions during and after subsurface fluid injection activities.
According to the Young-Laplace equation, as drainage occurs in a two-phase flow system, pores or voids of the porous medium occupied by the wetting fluid can drain when the difference between the pressures of the nonwetting and wetting fluids, defined as the capillary pressure, exceeds the capillary entry pressure, which is proportional to interfacial tension and inverse of void size. Hence, the voids with the largest size filled with the wetting fluid tend to drain first.
However, due to low pore connectivity or blockage from adjacent smaller voids, the wetting fluid in some portion of these large voids can remain as a residual. As the capillary pressure decreases during imbibition, wetting fluid usually starts to fill smaller voids first, and the nonwetting fluid can become disconnected in relatively larger voids. As a result, the wetting phase might never imbibe into the voids containing entrapped nonwetting fluid. Different attractive forces between each fluid-type and solid surfaces result in contact angle changes during drainage and imbibition.
Contact angle hysteresis, void space distribution and connectivity control capillary trapping of wetting and nonwetting fluids at macroscopic scale. According to the traditional macroscopic two-phase flow theory, these differences in pore-scale processes during drainage and imbibition are described at macroscopic scale by hysteretic constitutive relationships among capillary pressure (Pc), volumetric fluid saturation (S) and relative permeability [Haines, 1930; Miller and Miller, 1956] .
As shown through several experimental studies and pore-scale modeling studies [e.g., Pentland et al., 2010; Akbarabadi and Piri, 2013; Joekar-Niasar et al., 2013; Krevor et al., 2015] , under capillary-dominated flow conditions, the entrapped or residual fluid saturation at the end of imbibition can change as a function of its maximum saturation at the end of the drainage.
However, this functional dependency is generally disregarded or represented by using empirical relationships [e.g., Scott et al., 1983, Topp and Miller, 1966; Land, 1968; Poulovassilis and Childs, 1971; Mualem, 1974; Jerauld, 1997; Hilfer, 2006] in constitutive relationships of the traditional two-phase flow models. Cihan et al. [2014a] developed a nonempirical approach for mathematical modeling of hysteretic capillary pressure-saturation relationships with capillary entrapment. The model presented in Cihan et al. [2014a] uses a void-volume fraction distribution function and two connectivity functions characterizing distribution of fluids in voids during drainage and wetting processes. They stated that the drainage and wetting connectivity functions could be estimated from pore-scale numerical simulations or from experimental measurements of primary drainage (initial drainage from fully saturated state with wetting phase) and main wetting (imbibition process right after the primary drainage) curves. For the latter way of estimating the connectivity functions, Cihan et al. [2014a] proposed some empirical relationships based on a series of invasion percolation simulations in computer-generated synthetic porous media.
To take into account both hysteretic Pc-S curve and capillary entrapment, several researchers coupled the Mualem [1984] dependent domain model with empirical relationships such as the Land [1968] trapping model [e.g., Kool and Parker, 1987; Doughty, 2007] .
The Mualem [1984] model originally did not take into account the entrapment of the fluid phases and represented the main drainage and the main wetting branches of the Pc-S function and the scanning curves between them. Hysteresis in relative permeability functions has been treated similarly by modifying existing nonhysteretic empirical and nonempirical relative permeability relationships to include entrapped fluid phase saturation [e.g., Killough, 1976; Lenhard and Parker, 1987; Juanes et al., 2006; Doughty, 2007; Spiteri et al., 2008; Papafotiou et al., 2010; Doster et al., 2013] .
Numerical solution of the traditional two-phase flow model equations with the hysteretic Pc-Sand relative permeability relationships is challenging compared to the solution with the nonhysteretic constitutive equations. During the numerical solution of the coupled nonlinear hysteretic model equations, the history of capillary pressure and saturation values at flow reversal points needs to be stored. Also, derivatives of the hysteretic functions do not exist at the turning points, although the functions themselves may be continuous [Doster et al., 2013] . However, results from the hysteretic models can be physically more realistic and at the same time much less intuitive.
Several numerical modeling analyses in the literature demonstrate that hysteresis can have significant impact on spatial distribution of fluids, especially during postinjection in applications such CO2 sequestration [Juanes et al., 2006; Doughty, 2007; Papafotiou et al., 2010; Doster et al., 2013] .
Juanes et al. [2006] investigated effects of hysteresis in CO2 relative permeability, neglecting capillary pressure, using Killough [1976] approach in a heterogeneous reservoir. Juanes et al. [2006] state that the CO2 plume spreads more in the reservoir system during postinjection due to hysteresis than the CO2 plume spreading without hysteresis, but this could be highly site-specific, depending on characteristics of the heterogeneity and assumed values of the residual fluid saturations in the relative permeability functions of a nonhysteretic model simulator. In the nonhysteretic models, capillary trapping is simulated through the relative permeability functions including residual saturations or critical saturations terms. Doughty [2007] used the Mualem equations [1976, 1984] coupled with the Land trapping model to take into account residual saturation changes dependent on the flow history for field-scale modeling of CO2injection and migration. The results from Doughty [2007] show that the leading edge of the plume, experiencing drainage, is more mobile compared to the trailing edge experiencing imbibition due to hysteresis. Doughty [2007] also reported that hysteresis played a significant role generally after the injection stopped, but hysteresis could occur even during injection under some heterogeneous conditions in the formation due to interplay between buoyancy and spatial variation of permeability. Reservoir scale modeling analyses in application to GCS, some examples of which were mentioned above, indicate that impacts of hysteresis in macroscopically complex heterogeneous porous media could be often nonintuitive at our current understanding, yet significant to produce remarkably different postinjection spatial fluid distributions when compared to the model predictions without hysteresis. However, these types of numerical modeling approaches with hysteresis have not been tested extensively against actual experimental data generated under two-phase flow conditions with successive drainage and imbibition processes.
Testing the theory and the models against experimental data is crucial to improve knowledge and to apply the models at reservoir-scale with more confidence for investigating implications of the hysteresis under realistic reservoir conditions. There are many core-scale laboratory experiments conducted with different sand and rock materials to investigate capillary entrapment [e.g., Krevor et al., 2011; Pini and Benson, 2013] . These have been very useful to gain insights and test constitutive models and the simulators, but directly extending conclusions from such relatively small-scale tests to reservoir-scale may not be straightforward. Intermediate-scale (cm-m scale) experiments conducted by several researchers in the context of groundwater contamination [e.g., Lenhard et al., 1995; Oostroom et al., 2007] and more recently in the context of CO2 storage [e.g., Trevisan et al., 2014 [e.g., Trevisan et al., , 2015 mimic the flow processes at scales somewhere between core-scale and reservoir-scale, and they would be very useful to test the hysteretic two-phase flow models and thereby to improve understanding on impacts of hysteresis process under homogeneous and heterogeneous conditions.
In this manuscript, we present development of new mathematical hysteretic Pc-S and relative permeability constitutive relationships. Derivation of these models comes from nonempirical principles by attempting to relate physics of capillary flow to void space properties of porous media, and in that way, the models presented here are different from most of the earlier published hysteretic Pc-S model could be promising to represent macroscopic hysteresis behavior observed during successively occurring drainage and imbibition processes. The developed constitutive models were incorporated into an in-house numerical two-phase flow simulator. In this manuscript, the numerical simulation results are compared against the experimentally generated data by Trevisan et al. [2015] for both macroscopically homogeneous and heterogeneous aquiferpacking configurations. Importance of representing hysteresis in the traditional two-phase flow models is investigated for more accurately predicting movement and capillary trapping of two immiscible fluids in porous media.
Two-Phase Flow Modeling Approach With Hysteresis in Constitutive Models
The governing equations of the traditional two-phase flow model in porous media, including mass and momentum balance equations for wetting (w) and nonwetting (nw) fluid phases, can be expressed by In our numerical analyses in this work, we used the continuous version of the Cihan et al.
[2014a] model. According to this model assuming a continuous void volume fraction distribution, the volumetric fraction of voids with sizes between r and r+dr that could drain at Pc during primary drainage are expressed as , and a continuous model of the primary drainage curve for the saturation-capillary pressure (Sw-Pc) relation is given by (3) where f(r) is a probability density function for void volume fraction as a function of void size r, and rmax is the maximum void size. As in Cihan et al. [2014a] , for the void-volume distribution function, we assume a generalized lognormal distribution, which was stated to be a good fit for representation of both grain and void size distribution of porous media [Diamond and Dolch, 1972; Hwang and Powers, 2003] . The generalized lognormal distribution used in the constitutive models is presented as (4) where , rmin is the minimum void size, and and are the statistical parameters characterizing the probability distribution of . The cumulative distribution function can be expressed as (5) where F(r) is the percent volume of voids with effective radii larger than r.
is the cumulative ratio of drained volume of r-sized voids with wetting fluid phase to the total volume of r-sized voids at a given capillary pressure . The Young-Laplace equation is used to obtain the relationship between and using and scaling with a minimum entry pressure corresponding to an equilibrium capillary pressure state between the fluid interfaces. Assuming the voids have similar shapes, we express .
Cihan et al.
[2014a] also introduced as the cumulative wetted (or imbibed) volumetric ratio of r-sized voids to the total volume of r-sized voids at . Then, assuming the independency of the and functions, characterizing drainage and imbibition paths of the fluids, the SwPc function during an imbibition process following a drainage event is expressed as
Similarly, for any order of drainage following an imbibition event, saturation can be represented as (7) where and represent the capillary pressure values at the last flow reversal occurring from drainage to wetting or vice versa.
The residual saturations are implicit in the model, and they can be calculated using equations 3 and 6. The residual saturation of the wetting fluid can be expressed using equation 3 as (8) The residual saturation of the nonwetting fluid at the end of the main imbibition event following the primary drainage can be expressed using equation 6 as (9) which implies that the residual nonwetting fluid saturation is not only a function of the maximum nonwetting fluid saturation at the end of the primary drainage but also a function of the capillary pressure ( ) at the flow reversal from drainage to imbibition. and can be estimated from pore-scale simulations, or from experimentally measured primary drainage and main wetting capillary pressure-saturation curves as described in Cihan et al. [2014a] . Based on a series of invasion percolation simulations for multiple realizations of computer-generated porous media, Cihan et al. Results from equations 3, 6, and 7 should in general conform to Everett's seven theorems [Everett, 1954; Everett and Smith, 1954] on the shapes of hysteresis curves and the possible paths of the Sw-Pc changes inside the hysteresis loops. However, we still need some constraints to obtain physically plausible results when applying the equations. By restating Everett's seventh theorem in a slightly different way here, "if a system is taken through a series of Pcchanges of decreasing (or increasing) amplitude, after the nth reversal the system moves towards the point at which the (n-1)th reversal occurred, if the system is carried through this point it moves toward the (n-3)th reversal point and so on." In addition to this theorem, a secondary and higher order drainage curve cannot cross the primary drainage curve, and similarly a secondary or higher order wetting curve cannot cross the main wetting curve. Figure 1 illustrates a simple application of the equations (3, 6, and 7). In the example, a system initially undergoes a primary drainage process from a fully saturated state and continues following path 1 until a flow reversal occurs at An occurrence of memory loss is also indicated during drainage after FR = 3.
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Modeling Hysteresis in Relative Permeability Functions
The drainage and wetting connectivity functions presented by Cihan et al.
[2014a] establish a framework for deriving the hysteretic relative permeability functions. In this section, using those same functional relationships, we present the hysteretic relative permeability functions for wetting and nonwetting fluid phases. A very early development of this model was presented in our conference proceeding paper [Cihan et al., 2014b] , which is significantly improved and finalized in this paper.
Using an approach similar to Marshall [1958] (note that similar approaches later were adapted by Mualem, 1976 and Cihan et al., 2009) , two surfaces from a cross-sectional cut through a random 3D porous medium are reunited randomly (Figure 2 ). Assuming the applicability of the Darcy's equation at a macroscopic scale, the permeability is proportional to an average value of the intersection areas between pairs of contacting voids and inversely proportional to the tortuosity, [Cihan et al., 2009] . We further assume that distribution of void area fractions in a cross-section is equal to the distribution of void volume fractions in a random isotropic porous medium based on Cihan et al. [2009] . As an outcome of the random matching process, the probability of obtaining fluid-conducting voids with sizes between r and r + dr can be expressed as ∼f(r)dr f(r')dr', and the intrinsic permeability, k, is proportional to . In the following, we use this approach to express relative permeability under two-phase flow conditions, where the connected voids at a cross-section are filled with two different fluids (as demonstrated in Figure 2 ).
Figure 2 Open in figure viewer PowerPoint
Matching of two random porous surfaces based on Marshall [1958] probabilistic approach for modeling relative permeability functions in a random porous medium. Red color represents the nonwetting fluid, green represents the wetting fluid, and dark gray represents the solid phase [adapted from Hillel, 1998 ].
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Considering the primary drainage process, probability of obtaining nonwetting fluid-carrying voids with sizes between r and r + dr can be expressed as ∼ f(r)dr f(r')dr', where represents the areal fraction of r-sized voids on one surface of the cross-sectional cut that can fill with and conduct the nonwetting fluid during drainage. Then, the nonwetting fluid permeability at a capillary pressure Pc, knw, is proportional to , where Scn is the critical saturation for the percolation threshold of the nonwetting fluid in the porous medium. The unit step function is used to represent zero permeability in a direction that the fluid does not percolate through the domain. Similarly, permeability of the wetting fluid at a capillary pressure Pc, kw, can be expressed to be proportional to , where represents the areal fraction of r-sized voids on the one surface that can conduct the remaining wetting fluid in the voids during the drainage process, and Scw is the critical saturation for the percolation threshold of the wetting fluid. The modeling approach of the permeability described above for the primary drainage can be generalized for representing relative permeability functions for any successive drainage and imbibition processes. However, the areal fraction expressions are modified at each flow reversal, as demonstrated below. The hysteretic relative permeability (krw = kw/k, krn = kn/k) functions for nonwetting and wetting fluids can be expressed as (12) (13) where gn function represents probability or fraction of void areas on a surface of the crosssectional cut filled with nonwetting fluid after the n th flow reversal from drainage to imbibition or vice versa. The subindex n indicates the flow reversal numbers and whether imbibition or drainage is occurring, with odd numbers for drainage events and even numbers for imbibition events. A general formulation for g function is expressed by (14) τrw and τrw are relative tortuosity factors for wetting and nonwetting fluid phases, respectively, and they are represented in this work by (15) where the percolation-theory based value for the exponents β was reported to be approximately equal to 0.38 for idealized porous media [Ghanbarian et al., 2013] .
The models including equations 3, 6, 7, and 12, 13 require storing of the saturation and capillary pressure values at flow reversal points. As discussed in section 2.1, additional constraints are used during implementation of the hysteretic constitutive equations within the numerical solution algorithms of two-phase flow equations. Estimated saturation-capillary pressure-relative permeability functions for three laboratory sands are presented in the next section. Table 1 ) and complexity of the objective function, we selected to use a derivative-free, global optimization algorithm (a differential evolution algorithm based on Cihan et al., 2015) to assure optimal solutions for fitting the model to the data sets. Both volume fraction distribution function and the connectivity functions were fitted to the data.
Estimation of the Hysteresis Model Parameters from the Laboratory Experiments
The measured primary drainage data give some hints on possible values of Pdmin, which could be similar to but may not coincide exactly with the apparent entry pressure value of the primary drainage curve [Brooks and Corey, 1964] . Generally, Pdmin could be smaller than the apparent entry pressure. [ 2015] . Some deviations of the estimated curves from the data are observed for all of the sands, with more pronounced differences between the model and the data for sand 50/70. These occurred because, in addition to the Sw-Pc data, the model has been fitted simultaneously to the measured Sni-Snr curves (Figure 4 ). It should be noted that much better fits to the Sw-Pc data could be obtained using the model (equations 3-7) if the measured Sw-Pccurves were the only data used for fitting. Conversely, using only the measured Sni-Snr data set would result in nonunique solutions as this data set provides only the end point saturation values and do not provide information on the changes of saturation as a function of capillary pressure. Using both types of data sets, we attempted to represent the average two-phase flow conditions and capillary entrapment better in the flow cell experiments. In general, higher capillary pressures are expected for sand with smaller void sizes, and indeed we observe this behavior consistently when looking at the primary drainage curves for all the sands (Figure 3) . However, by a closer look at the measurements and the fitted curves during imbibition, the capillary pressure values during imbibition in sand 50/70, which has the smallest void sizes among the others, appear to be lower than the capillary pressure values in sand 40/50.
Also, in sand 50/70, the imbibition capillary pressures fall significantly lower than the drainage capillary pressures; the imbibition capillary pressures resulting in saturation changes are almost below the apparent entry pressure of the nonwetting fluid during drainage. We currently do not have a theory to explain the reason for the lower imbibition capillary pressures in sand 50/70.
However, in section 4.2, we discuss briefly some possible implications of the imbibition capillary pressures on the non-wetting fluid distribution during postinjection. This indicates that the mobility increase of the wetting fluid during imbibition is more rapid with respect to saturation than the mobility decrease occurring during drainage. 
Effects of the Hysteretic Constitutive Models on Distribution of Fluids in a Homogeneous Porous Medium
To demonstrate the behavior of the hysteretic model predictions and investigate the postinjection behavior of the injected nonwetting fluid under homogeneous conditions, we simulated injection and postinjection distribution of the nonwetting fluid in the 2D flow cell packed with sand 40/50 (Table 1) . Injection occurs at a rate of about 0.7 mL/min for 5.5 h. As soon as the injection stops, we observe the imbibition process (light blue, contour value = 2) throughout the lower portions of the plume at both leading and trailing zones. Quickly after that (Figure 9c ), the drainage process dominates at the leading front of the plume, while the imbibition process continues spreading to wider areas at the trailing end and the lower portions of the plume (Figures 9c-d) . The plume reaches to the outlet at ∼15 h and the nonwetting fluid saturation in the domain decreases with time, decreasing spatially away from the injection source. Eventually, the imbibition process affects the whole plume zone (Figures 9e-g ), and the plume movement appears to significantly slow down as the relative permeability of the nonwetting fluid diminishes. At 15 days, about 60% of the injected fluid stays within the domain. where odd numbers show drainage and even numbers show wetting.
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Our analyses on the sensitivity of the hysteretic curves indicate that the magnitude of the capillary pressure differences in the drainage and imbibition curves can have significant impact on the speed and the migration distance of the plume during postinjection. This is demonstrated in Figure 10 , comparing the base case results (fitting the data) against some nonwetting fluid migration predictions in the presence of an extreme hysteresis in the Sw-Pcrelationship. We created the test case by altering some of the connectivity functions parameters of sand 40/50. The legend in Figure 10a (left) lists the altered parameter values. The Sw-Pc of the test case has significantly large differences between the primary drainage and the main wetting curves (blue dashed lines in Figure 10a ) in terms of the capillary pressure values resulting in saturation changes in the system. The imbibition curve in the test case is much sharper compared to the base case curve, and also the capillary pressure values causing the saturation changes during the imbibition are even lower than the apparent nonwetting fluid entry pressure during the primary drainage. This situation is to some extent similar to what we obtained from fitting the model to the Sw-Pc and Sni-Snr data for sand 50/70 (section 3). Comparing Figure 10b (the base case) against Figure 10c , we observe that the plume movement is extremely slow under the investigated large hysteresis condition, and according to our calculations, at the end of the 15-day postinjection period, 95% of the injected plume stays in the system. These findings to some extent resemble the results of the flow cell experiments conducted by Zhao et al. [2014] . Zhao et al. [2014] reported that hysteresis process significantly limited the nonwetting fluid (air) movement released into a wetting fluid-saturated (propylene-glycol) glass-bead porous medium (bead sizes ranged for different experiments as 0.08-0.12cm, 0.1-0.15cm, and 0.15-0.2cm.). It may seem unlikely to have such large differences in the primary drainage and the main wetting functions in natural geological systems (subject to two-phase flow), but presence of a narrow void-size distribution or significant and rapid wettability alterations (changing the contact angles significantly) during the nonwetting fluid invasion may cause such large differences in the hysteretic functions. 
As one test of overall model predictions, we compared observed and predicted volumetric ratios of trapped versus injected nonwetting fluid using hysteretic and nonhysteretic models (Table 2) .
We tested two nonhysteretic modeling approaches, which we called "nonhysteretic model" and "nonhysteretic model with constant Scn." In the so called "nonhysteretic model," we use only the primary drainage Sw-Pc (equation 3) and krw and krn functions with zero critical saturations (Scn=Scw=0). Similarly, the hysteresis in the constitutive models is neglected in the "nonhysteretic model with constant Scn" but differently, we use uniform critical saturation values in krn functions of each sand type that causes residual nonwetting fluid remaining at each grid block traversed by the nonwetting fluid. According to the first nonhysteretic model, the plume can continue to move indefinitely unless it comes across an impermeably boundary. According to the second nonhysteretic model, the nonwetting fluid at a grid block cannot move to an adjacent grid unless Sn of the said grid block > Scn. As a result of the second nonhysteretic model, after the injection, the plume stops moving when at each grid block Snbecomes ≤ Scn. Table 2 Qualitatively, Figure 12 shows that the nonhysteretic model with Scn remarkably underpredicts the visually observed plume extent compared to the experimental and the hysteretic model results. Caption Figure 14 presents comparisons of the local saturation predictions with the hysteretic and nonhysteretic models against the X-ray point measurements. Figure 8a shows Figure 8a shows the selected measurement points A-F.
Discussion
The hysteretic model was able to predict the overall plume behavior reasonably well as was experimentally simulated in the test tank. From the results comparing the performances of the hysteretic and the nonhysteretic models (e.g., Table 2 and Figure 12 ), neglecting the hysteresis in the constitutive models can seriously overpredict or underpredict the fluid distribution during postinjection, depending on the selected value of the critical (or residual) saturation in the nonhysteretic models. Both hysteretic and nonhysteretic models showed poor performance in predicting local saturation values at several points of the test tank as a function of time ( Figure 14 ). There are undoubtedly imperfect packing-related possible property changes spatially throughout the flow cell, even for the homogeneous experiment, [Trevisan et al., 2015] that are uncertain and not taken into account in the model. However, whether this could explain the poor performance of the model in predicting local saturations needs to be addressed in future modeling studies. Lack of independent hysteretic relative permeability measurements for individual sands used in the flow cell experiments constitute limitation for making our conclusions on the exact appropriateness of the two-phase flow models. The assumption of complete randomness of the pore-solid space that was employed in the development of the relative permeability models may break down for natural rock materials. How severely the relative permeability model predictions deviate from the actual measurements for the natural rock samples need to be investigated. However, core-scale hysteretic relative permeability data to compare against are too scarce in the literature.
The results presented in this manuscript suggest that the hysteretic two-phase flow model presented here may be useful to represent reservoir-scale two-phase drainage and imbibition processes. However, due to the limitations on the current computational resources, numerical reservoir models are built typically from grid sizes that could be much larger than the measurement scale of the hysteretic constitutive functions (core-scale). Depending on dynamic flow conditions and complexity of the heterogeneity, there could be different subdomains within the same large grid block that can experience both drainage and imbibition simultaneously.
Considering this possibility, a challenge that remains to be resolved is whether the upscaled hysteretic functions at larger scales could be developed.
There are also computational challenges for solving the hysteretic two-phase model due to the mathematical structure of the developed constitutive models. Vanishing derivatives at flow reversals cause sharp decline in the length of time step during the numerical simulations when the system is highly dynamic with rapid changes from drainage to imbibition and vice versa. This makes the hysteretic two-phase flow model more computationally demanding than the nonhysteretic models, especially when modeling very large systems. There is certainly a need to find more efficient numerical approaches to solve the modeling equations that incorporate hysteretic effects. Another computational challenge that needs more work to overcome is modification of the hysteretic constitutive modeling algorithm to apply under partially miscible conditions and with mass transfers of multiple chemical species.
Conclusion
In this study, we have presented macroscopic constitutive functions for hysteretic capillary pressure-saturation-relative permeability relationships and tested the traditional two-phase flow model with the developed functions against the intermediate-scale flow cell experiments
by Trevisan et al. [2015] . The constitutive models were formulated based on microscopic properties of the porous medium including void volume distribution and void space connectivity. The hysteretic two-phase flow model predicted reasonably well the overall plume behaviors and entrapment observed in the experiments. Overall, better performance of the hysteretic model over the nonhysteretic models for the conditions tested indicates that considering hysteresis in the constitutive models can significantly improve the predictive abilities for the postinjection behavior of the CO2. In the future, we plan to continue further testing of the two-phase flow models with and without hysteresis against experimental data generated under different heterogeneity conditions and at larger scales.
Both the experimental and the modeling findings under heterogeneous conditions with the surrogate fluids have important implications for GCS. The injected nonwetting fluid plume moves much slower during the postinjection in the uncorrelated heterogeneous (Het. 1) packing condition compared to the plumes under the homogeneous and the correlated heterogeneous (Het. 2) packing conditions. Presence of correlated heterogeneity with connected paths of relatively higher permeability zones in a reservoir can result in very large CO2 plume sizes, whereas presence of discontinuous high permeability zones that are traversed by an injected CO2 plume can contribute to long-term trapping of CO2. The numerical studies conducted here will need to be extended to field-scale for evaluating the effects of hysteresis at reservoir-scale under realistic CO2 storage conditions. However, computational challenges exist for implementation of the hysteretic models at reservoir-scale; computational efficiency of the model with hysteresis is relatively low compared to the models without hysteresis. Further computational research would be needed to find more efficient algorithms for solving nonlinear hysteretic partial differential equations.
